We demonstrate a scalable approach to addressing multiple atomic qubits for use in quantum information processing. Individually trapped 87 Rb atoms in a linear array are selectively manipulated with a single laser guided by a MEMS beam steering system. Single qubit oscillations are shown on multiple sites at frequencies of ≃ 3.5
Scalable quantum information processing (QIP) has become a serious topic of consideration over the past decade. Among the various physical systems considered for scalable QIP implementation, individually trapped neutral atoms or ions serving as quantum bits (qubits) have emerged as leading candidates. Both of these approaches use precisely tuned lasers or microwave radiation to perform single and multi-qubit gate operations [1] [2] [3] [4] and have
shown the ability to trap and image multiple atomic qubits [5] [6] [7] [8] [9] . In order to extend these quantum gate operations over a larger array of qubits, a scalable way of distributing laser or microwave resources is necessary. Previously, this has been accomplished using magnetic field gradients 10, 11 or acousto/electro-optic deflectors 12, 13 . In this letter we demonstrate a more scalable laser multiplexer utilizing microelectromechanical systems (MEMS) technology, which can easily be extended to multiple laser beams across a range of wavelengths providing the capability to address multiple trap sites simultaneously. 14, 15 We report a significant step toward scalable QIP in atomic lattices by incorporating a two dimensional (2D)
MEMS laser steering system into a multi-site neutral atom trap experiment. Raman-induced single qubit rotations between hyperfine ground states are shown on individual 87 Rb atoms in a linear array of 5 trap sites with negligible impact on neighboring atoms along with a quantitative characterization of the Rabi frequency and switching times achieved in our setup.
The design of the 2D MEMS steering system, shown in Fig. 1(a) , is guided by fast steering speed requirements. Beam steering is accomplished with two 1D tilting micromirrors designed to achieve a high mechanical resonant frequency while maintaining near critical damping to minimize settling time when switching between sites. 16 The micromirrors are fabricated on the same substrate, using a commercial foundry process (PolyMUMPS, offered by MEMSCAP, Inc. 17 ), and designed to tilt in orthogonal directions. Each micromirror consists of a gold coated polysilicon plate with a radius of 100 µm that rotates about two torsional beams. The micromirror is electrostatically tilted to an angle θ by way of a potential difference between the grounded mirror plate and an applied voltage V on the underlying actuation electrodes. A simple 2f -2f folded imaging system is used to optically combine the perpendicular steering axes. An angle-multiplication scheme is implemented by allowing the beam to reflect off each micromirror twice, which reduces the maximum angular tilt requirement to enable mirrors with higher resonant frequencies. site.
The qubit is defined by two magnetic field insensitive hyperfine ground states |0 ≡ |F = 1, m F = 0 and |1 ≡ |F = 2, m F = 0 . Single qubit rotations between these two states are induced by a two photon Raman transition as shown in Fig. 1(d) . This process uses a single ground state Rabi laser with two frequency components separated by the hyperfine splitting 6.8 GHz generated by current modulation of a 780 nm diode laser. The laser is detuned from the 5P 3/2 excited state by ∆ = −2π × 100 GHz and is circularly polarized with respect to the magnetic field direction which is aligned along the z axis. It propagates through the MEMS steering system, which is aligned to address the central atom (site 2) when unactuated, and focuses onto the targeted atom. The beam at the atom is slightly elliptical with beam waists of w x = 5.6 µm and w y = 3.6 µm [ Fig.1(e) ].
In our first experiment, initial states are prepared by applying a magnetic field along the z axis to split the m F energy levels and optically pumping the atoms into the |1 state.
The Rabi laser is directed to a target atom for a duration of T . The resulting state is then measured by selectively ejecting the atoms in the |1 state from the trap and detecting fluorescence from the undisturbed atoms in the |0 state as described in Ref. 3 . In addition to individual addressability, we examine the time it takes to switch the beam between atoms using the following procedure. First, the atom at the target site is prepared in the initial |1 state. Then, the MEMS system is triggered to adjust the beam path from an initial site to the target site at time t = 0. After a delay of τ , a timed pulse from the Rabi laser is used to flip the illuminated atom to the |0 state (π-pulse). The resulting atomic state is determined by state-selective measurement. Since the π-pulse duration (∼ 140 ns) is sufficiently less than the switching time of the MEMS system (∼ 10 µs), this measurement should provide an accurate indication of the fraction of the π-pulse acting on the atom for various delays τ , leading to the determination of the switching time. Figure 3 shows the probability of finding the target atom in the |0 state as a function of τ for several configurations. When the π-pulse is launched with short delay, the state of the atom does not make a complete transition to the |0 state as the beam has not arrived at the target location. When it is launched after sufficient delay, the full π-pulse impinges on the atom leading to a complete state change. The solid lines are theoretical models generated from independent transient measurements of the mirror tilt and the atomic rate equations that describe the transition probability. The model also takes into account a uniform timing jitter distribution in τ that arises from hardware limitations in the experiment (∼ 2 µs).
Switching times of 6-7 µs are measured when the MEMS system moves the laser between site 2 (center) and its neighboring sites while they increase to 10-14 µs when addressing involves the outer sites. The switching is faster when the mirror is returning to site 2 as shown in Fig 3 by comparing (a) and (b) with (c) and (d), respectively. This is due to well-known electrostatic softening effect in MEMS actuation 16 , which results in a slower response as the MEMS system (1) addresses sites further from the center and (2) switches from the middle site to one of the outer sites compared to when it returns back to the central site. We note the actual transition time of the atomic state is less than 5 µs, in part due to timing jitter in the present experimental setup. The net delay can be compensated by pre-triggering if multiple beams are available in the MEMS system. 
